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Abstract
It is widely known in cryogenics that interconnecting pipework between warm and cold temperature level contribute to the heat
intake of a cryogenic storage tank, especially under critical inclination. With the help of a recently published correlation the
additional heat intake by possibly upcoming convection can be estimated. However, for practical application the knowledge of
additional heat leaks is only one thing that matters. Rather interesting are methods for an eﬀective prevention of natural convection
even under critical inclinations. Within this paper we discuss several approaches which presumably have potential to reduce
convective heat transfer. With the help of theoretical analysis and experiments in our test cryostat we evaluated the impact of
all approaches with remarkable results. Further, a comparison was carried out with literature hints for the prevention of natural
convection in pipes. As the main result of our study we could clearly distinguish the most eﬀective prevention methods and even
more interesting is the almost useless ones which have been anticipated as eﬀective in literature.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014.
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1. Introduction
Whenever cryogenic storage tanks are designed, the minimization of the overall heat intake plays a major role
in order to enhance system performance and dormancy time. A considerable contribution to the overall heat intake
comes from connecting pipes which are mounted between the warm outer vessel and the cold inner vessel. This eﬀect
was described in several papers before (e.g. Thummes et al. (1997), Hieke et al. (2000), He et al. (2003)). In general,
the total heat ﬂux through pipes is a combination of heat conduction in the pipe material and the inner ﬂuid, radiation
along the inner pipe wall and free convection due to unstable temperature distribution. For standard pipe conﬁgurations
(warm end up, cold end down) only heat conduction and radiation need to be taken into account since convective ﬂow
ﬁelds usually do not occur in a considerable manner. The total heat transfer can be estimated fairly easily by the
governing equations for heat transfer. In case the orientation of the pipe allows convection inside (horizontally or
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warm end lower than cold end) the total heat transfer usually increases substantially in comparison to pure conduction
and radiation depending on the inclination angle. For straight pipes an estimation of the total heat transfer can be
made with the help of a recently published correlation (Langebach and Haberstroh (2014)). The theory behind heat
transfer eﬀects in inclined pipes is fairly well understood. As a consequence, the general recommendation from basics
of cryogenic engineering is to avoid any convection in pipes. Unfortunately, sometimes the pipework design cannot
follow the ideal way of installation. Compromises have to be made, especially when package constraints come into
play. Further, methods for an eﬀective prevention of natural convection with special focus on critical inclinations are
discussed very rarely in literature and moreover in another context (Kasthuriengan et al. (2000), Scurlock and Beduz
(1998)). Therefore, the motivation for this paper is to discuss several approaches for convective heat transfer reduction
under critical inclinations with the aim to generate practical hints for cryostat engineering.
2. Optimization case, pipe modiﬁcation approaches and test rig description
2.1. Description of the optimization case
The basis for all further investigation is an optimization case (see Fig.1(a)) with imaginable practical background.
A warm reservoir shall be connected to a cold reservoir. The distance between both reservoirs is 500mm. We assume
the warm reservoir to have a ﬁxed temperature of Tw = 300 K. The temperature of the cold reservoir is Tk = 80 K.
Further, the cold reservoir is in an elevated position even through no ﬁxed inclination angle is deﬁned. The required
pipe dimension is 20x2mm with a length of 500mm in case of a straight connection. The pipe material is stainless
steel 316. Further, we assume the working ﬂuid inside to be helium at a pressure of 100 bar. Out of these boundary
conditions - especially under this elevated pressure - we can expect natural convection to occur within the connection
pipe (Langebach and Haberstroh (2010)).
The task for optimization is now to propose a pipe connection between both reservoirs with the lowest heat transfer
although natural convection will obviously occur. The inclination angle γ therefore can vary between 0◦− 90◦ (vertical,
warm reservoir down, cold reservoir up).
In case a straight stainless steel connection pipe with dimensions of 20x2x500mm (Fig.2a) would be used, we have to
expect a heat transfer characteristic as shown in Fig.1(b). The data are calculated by the above mentioned correlation
(Langebach and Haberstroh (2014)). The minimum heat transfer caused by pure conduction is about 1.6 W. Within
the inclination range of 0◦ to 90◦ the transferred heat can increase up to 21 W following the well-known characteristic.
We want to see this standard connection pipe as the baseline case for comparison purpose to all other modiﬁcation
approaches discussed below.
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Fig. 1. Optimization case (a) and corresponding heat transfer characteristic (b)
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2.2. Pipe modiﬁcation approaches
The ﬁrst modiﬁcation to be investigated is the pipe ﬂattening along the middle section (see Fig.2b). As a con-
sequence, the inner shape of the pipe changes slightly. The inner height of this ellipse like shape is approximately
11mm instead of 16mm as before. As we know from theory (Langebach (2013)), that when natural convection oc-
curs we have two currents within the middle section; the warm current moving upwards and the cold current moving
downwards. In between both currents a shear layer exists. The idea behind pipe ﬂattening is to bring both currents
closer to each other in order to promote enhanced turbulent mixing and therefore heat transfer reduction.
The second modiﬁcation aims to enhance the heat conduction within the pipe wall. Fifteen copper rings with a
dimension of 30x5x10mm each were soldered equally spaced along the middle section (Fig. 2c). As a consequence,
the thermal conductivity and the eﬀective area in cross direction are enhanced substantially. From measurements and
numerical calculations (Langebach (2013)) we know that a temperature gradient of several Kelvin also exists in the
cross direction. Therefore, heat conduction takes place. An undesirable consequence of this modiﬁcation will be that
also heat transfer in the longitudinal direction is enhanced even with some distance between each copper ring.
The third modiﬁcation is based on earlier investigations in literature about inserts. Kasthuriengan et al. (2000)
reported on eﬀective suppression of convective heat transfer in inclined pulse tubes by using several types of mesh
inserts. The helix insert to be investigated here is shown in Fig. 2d. It consists of a 1.5 times twisted copper sheet
(0.2mm thick) with plane sections at both ends. The helix ﬁts into the pipe with no substantial gap to the pipe wall
at points of contact. The idea behind the helical insert is to disturb the distinct currents in the pipe driven by unstable
temperature distribution. Moreover, other types of inserts or ﬁlls are imaginable, for instance spheres or cubes. Due
to the risk of particle detachment those option most probably will not achieve practical relevance. Detached particles
may deposit in valves or other critical components which is not acceptable for trouble-free operation.
The fourth modiﬁcation involves bending the pipe. This method was mentioned already in the paper by Scurlock
and Beduz (1998). They reported on eﬀective convection suppression by bending the pipe. But, their proposal was not
discussed further with respect to an experiment within the paper. Therefore, we want to investigate a bended pipe with
S-shape (see Fig.2e). Pipe diameter and wall thickness have been kept constant but the length increased to 736mm.
The chosen radii are the smallest achievable ones with standard bending tools for this pipe dimension.
The ﬁfth modiﬁcation involves the substitution of the original 20x2x500mm pipe with 3 smaller pipes – in other
words a multiple pipe conﬁguration. Two types of smaller pipes have been investigated; a triplet of 16x1.5x500mm
and a triplet of 12x1x500mm pipes (See Fig.2f). The pressure loss through those 3 pipes is lower or equal to that of
the 20x2x500mm pipe. Therefore, no functional loss has to be accepted. The idea behind this substitution is to take
advantage of generally lower convective heat transfer in pipes with smaller diameters (Langebach (2013)).
(a) Baseline pipe (b) Pipe ﬂattening (c) Copper rings
(d) Helix insert (e) Bended pipe (f) Triple of pipes
Fig. 2. Baseline pipe and modiﬁcation approaches to be investigated
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2.3. Comments on the used test rig
The test cryostat was already described in great detail in an earlier paper by the authors (Langebach and Haberstroh
(2012)). In order to give a brief overview some basic information will be summarized there. A CAD picture of the
test setup is given in Fig.3. The test cryostat is built using a bottom-up principle. The cold heat exchanger is mounted
next to the top ﬂange. The investigated pipe is ﬁxed to the cold heat exchanger using an appropriately sized ﬁtting.
The warm heat exchanger, is mounted to the free end of the investigated pipe. The cold heat exchanger is cooled with
LN2 and therefore is almost ﬁxed at a temperature of Tk ≈80 K. The temperature at the warm heat exchanger is kept
constant by an electrical heater to Tw ≈300 K. The pipe can be ﬁlled with the chosen working ﬂuid up to a pressure of
200 bar, depending on the pipe dimensions and material strength. With these test capabilities we are able to measure
the total heat ﬂux through an inclined pipe even for bended pipes since the cryostat vessel has an inner diameter of
approximately 300mm.
Fig. 3. Test rig with high pressure gas reservoir and LN2 cooling.
3. Results and Discussion
Baseline pipe At the beginning we measured the total heat transfer within the standard pipe, 20x2x500mm, in
order to get values for later comparison. The results can be found in Fig.4 and should be seen as the worst case scenario
in terms of heat transfer. The maximum transferred heat, ≈21 W, occurs about an angle of 15◦ from horizon. After this
the transferred heat decreases continuously down to 5 W at 90◦. These measured values are in good approximation to
the estimated values calculated with the correlation in Fig.1b.
In terms of heat transfer prevention for the optimization case we can conclude an important result. The best inclination
to overcome certain distance with warm end down and cold end up is 90◦ – the vertical position.
Pipe ﬂattening The ﬁrst modiﬁcation to be investigated is pipe ﬂattening. As we discussed earlier, the basic idea
was to enhance interaction of the warm current going up and the cold current going down. The measurements in Fig.4
cannot conﬁrm this behavior as expected. The maximum value of transferred heat is approximately the same as with
the baseline pipe. At inclination angles between 15◦ and 90◦ certain heat transfer reduction can be observed, but less
than 10% at best. Probably, further ﬂattening of the pipe would lead to higher reduction in heat transfer rates. But,
this will also involve a certain risk of unwanted pipe deforming under elevated ﬂuid pressures. In terms of the heat
transfer prevention pipe ﬂattening does not seem to be a reasonable option for practical use.
Copper rings The second modiﬁcation was the soldered copper rings along the pipe length. We expected these
copper rings to enhance the equalizing of the heat transfer within the wall from warm to cold current. As the results in
Fig.4 show, we can observe a similar behavior as with pipe ﬂattening – or even worse. The maximum transferred heat
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Fig. 4. Measurement results of the baseline pipe and all modiﬁcation approaches.
is again about 21 W at 15◦. Above this inclination a certain decrease can be measured in comparison to the baseline
pipe. However, the reduction rate is less than 5% at best. Therefore in terms of the heat transfer prevention copper
rings are also no reasonable option.
Helix insert A very promising modiﬁcation seems to be a helical insert. As it was proposed by Kasthuriengan
et al. (2000) in context of pulse tube convection, we expected the helix insert to decrease the convective heat transfer
substantially. As it can be observed in Fig.4 this is not the case. The application enhanced heat transfer in our
measurements. Above an inclination of 15◦ the values of transferred heat is approximately same as the maximum.
This completely unexpected behavior was investigated further by mounting temperature sensors along the pipe. With
this set up we could see that the temperatures, and therefore the currents inside, follow the path of the helix without
obvious disturbance. Additionally, the helix acts as a mass transfer barrier between the warm and the cold current. As
a consequence, any heat transfer between both currents is suppressed. Further modiﬁcations of the helix – not to be
discussed here – gave similar results. In terms of heat transfer prevention the helical insert cannot be recommended
since the total heat transfer is not reduced but enhanced at certain inclinations.
S-bending The fourth modiﬁcation is the bended pipe. The results are shown in Fig.4. We can observe that
this modiﬁcation changes the heat transfer characteristic totally. At inclinations 0◦ to 15◦ the transferred heat is
very low and approximately the same as the fraction of pure heat conduction. Above 15◦ the heat ﬂux increases up
to an inclination of ≈ 60◦. Nevertheless, the measured values are still lower in comparison to the baseline pipe –
approximately 2/3 of the value. Above 60◦ the heat transfer decreases but with lower gradient in comparison to the
baseline pipe. The described behaviour can be understood fairly well when looking back to Fig.2.2(e) again. By
geometry analysis we can derive a limiting inclination – here ≈ 45◦ – where the currents are blocked. Above 45◦ we
have an open syphon. As a consequence we want to emphasize that bending the pipe may reduce convective heat
transfer but only in case the bending leads to blocking syphon zones within the pipe.
Multiple pipe conﬁguration As discussed above we have emphasized that pipes usually show comparably low
heat transfer in vertical orientation (90◦). Consequently, we determined the transferred heat through a 14x1.5mm and
a 12x1mm pipe at this inclination. The results are shown in Fig.4(b). By using the 14x1.5mm pipe the transferred
heat can be reduced about 52% (≈ 2.4 W in total) in comparison to the baseline pipe with dimensions of 20x2mm.
However, when we consider the triple conﬁguration no obvious advantage can be observed. The transferred heat
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would be roughly 1.5 times higher than for the baseline pipe. In case we use a 12x1mm pipe the heat ﬂux can be
reduced about 85% (≈ 0.8 W in total) in comparison to the baseline case. When we use this value for calculation of
the triple we can observe a signiﬁcant decrease of the total transferred heat – from ≈5 W to ≈2.4 W. Out of this we
can conclude that using a multiple pipe conﬁguration with smaller pipes can be a reasonable option for convective
heat transfer prevention – but to handle with care since the new pipe diameter has to be chosen well.
4. Conclusions
Within this paper we investigated several approaches for prevention of natural convection in inclined pipes. With
the help of an optimization case we set our focus on critical inclinations where natural convection usually occurs. The
chosen approaches comprise our own ideas which come from theoretical thinking as well as proposals from literature.
With measurements on a specially designed test rig it could be determined whether any approach is a reasonable
option for heat transfer reduction or not. The results have shown surprising new details.
The approaches to use pipe ﬂattening or copper rings could not show a substantial eﬀect on the transferred heat.
The approach of using a helical insert turned out to increase the heat ﬂux within a wide range of inclinations even
though it was proposed to be a reasonable option for prevention of convection in literature.
Bending the pipe turned out to be a very reasonable option for heat transfer reduction. However, the bending has to
be applied in a way that a blocking syphon conﬁguration is established. Otherwise, natural convection and therefore
enhanced heat transfer will occur anyway.
An very eﬀective method for the reduction of transferred heat is to use multiple pipes with smaller diameter at an
inclination of 90◦. However, design engineers need to satisfy the compromise between similar pressure loss but also
smallest pipe diameter possible for minimum heat transfer. In the worst case, the designed conﬁguration might have
a higher heat ﬂux than the initial conﬁguration.
As a kind of cooking recipe for engineers who are confronted with a situation with critical pipe inclinations we
propose to apply the discussed correlation (Langebach and Haberstroh (2014)) for ﬁrst estimations of the heat transfer.
From this engineers can decide whether applying pipe bending or a multiple pipe conﬁguration is the best option for
further reduction.
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